Canavanine, the guanidinoxy structural analogue of arginine, was first isolated from jack bean, Canavalia ensifonnis (L.) DC., by Kitagawa and Tomiyama in 1929 (11) . Subsequent studies have established the predominant occurrence of canavanine in certain members of the Papilionoideae, a subfamily of the Leguminosae (2, 3, 18) . Canavanine can compete with arginine in many enzymatic reactions which preferentially utilize arginine (4, 10, 19) . In Escherichia coli, canavanine functions as a repressor of enzymes which catalyze the synthesis of arginine (13) . Johnstone (8) reported that homoserine is the principal reaction product resulting from incubation of canavanine with an aqueous extract of jack bean cotyledons. Snell and his associates (9) discovered two enzymatic reactions in bacteria which are unique to canavanine. These reactions are the reductive cleavage of canavanine to homoserine and guanidine and the hydrolytic cleavage to form homoserine and hydroxyguanidine (9) . These findings suggested the possibility that canavanine degradation in jack bean may occur by one of the homoserineproducing pathways known to operate in bacteria.
Earlier studies of canavanine degradation in jack bean had evealed that arginase catalyzes the hydrolysis of canavaniner to canaline and urea (4) . This work, however, did not consider the significance of arginase in meeting the nitrogen requirement of the developing embryo.
The present study was initiated to clarify the role of canavanine and its degradation products in the development of the jack bean seed. As a beginning, an ontogenetic study of the size, I This investigation was supported by an institutional grant (IN57-I) from the American Cancer Society. location, and fluctuation of the canavanine pool of jack bean was made. This paper reports the results of the ontogenetic study and considers other aspects of canavanine utilization.
METHODS AND MATERIALS Plant Material. Jack bean seeds were soaked in aerated distilled water for 20 hr at 25 C; the distilled water was slowly exchanged. The fully hydrated seeds were planted in 14-cm diameter clay pots; thoroughly washed vermiculite served as the potting medium. The plants were grown in a Percival growth chamber (model PGC-78) on a regime of 2 hr of incandescent light (550 ft-c), 12 hr of fluorescent illumination (2100 ft-c), and 10 hr of darkness. The daylight temperature was maintained at 30 ± 1 C while the night temperature was 20 ± 1 C. After the seeds were planted, each pot was watered to rejection and supplied with 200 ml of distilled water every other day. On the 6th and 10th days, the jack bean seedlings were fertilized with 200 ml of 0.1 N Hoagland solution. Six plants were harvested randomly at the indicated intervals, washed with distilled water, and stored at -20 C until assayed.
Preparation and Assay of the Plant Extract. Paired plant samples were ground exhaustively with acid-washed sea sand and deionized water with a mortar and pestle. The resulting mash was clarified by centrifugation at 24,000g for 15 min; the supernatant soluton was saved and the pellet was reground as above. The slurry from the second grinding was centrifuged as above and the supernatant solution was decanted. The combined supernatant fractions were centrifuged at 24,00Og for 15 min. When necessary, the supernatant solution from the final centrifugation was filtered. All plant extracts were brought to a final volume of 20 to 100 ml with deionized water prior to protein assays. Protein determinations were conducted by the method of Lowry et al. (12) . Crystallized bovine serum albumin was used to prepare a standard curve over the range of 50 to 250 ,g of protein at 650 nm.
Twenty milliliters of the plant extract were treated with 5 ml of 25% (w/v) trichloroacetic acid, placed at 2 C for at least 10 min and centrifuged at 24,000g for 10 min. The supernatant solution was treated twice with an equal volume of anhydrous ether in a separatory funnel. Residual ether was removed under a gentle stream of air-care being taken to avoid evaporation of the aqueous layer. Triplicate 1-ml samples of the deproteinized plant extract were assayed for canavanine content by a modification of the procedure of Fearon and Bell (6) .
One milliliter of the sample to be analyzed was mixed with 1.0 ml of 300 mm potassium phosphate buffer at pH 7.0 and 0.2 ml of 1% (w/v) potassium persulfate. The addition of 0. (16) .
Utilizing the PCAF reaction, the canavanine assay solution was diluted to 0.12 mm canavanine prior to treatment with 2 mg of activated arginase in a final volume of 3.0 ml. The reaction mixture was incubated overnight at 37 C, placed in a boiling water bath for 3 min, and finally centrifuged at 23,00Og for 10 min. Duplicate 1-ml samples of the supernatant solution were removed for urea determination by the assay of Hunninghake and Grisolia (7) . Urea (Fig. 1) . As indicated in Figure 1 , the canavanine level in the developing cotyledons decreased sharply throughout the experimental period. By the 13th day of growth, the cotyledons were shriveled; abscission nearly always occurred between the 15th and 17th days. Analyses of the remaining plant samples revealed a consistent pattern of increased canavanine content through the first 9 growing days. By the 11th day, the canavanine level declined in both the root and shoot samples but continued to increase in the leaf blades. The canavanine pool of the entire plant decreased steadily throughout the experimental period (Fig. 1 insert) .
The ontogenetic data of Table I and Figure 1 indicate that jack bean development is linked to canavanine depletion in the cotyledons and its utilization by the growing regions of the plant. In order to identify the reaction products of canavanine utilization, chromatographic analyses of extracts of the aging cotyledons were conducted. Figure 2 shows Chromatographic analyses of an extract of the 7-day and older cotyledons revealed a massive increase in the size and density of the asparagine, canaline, and leucine-isoleucine spots (Fig. 2) . Some intensification of the homoserine and glycine areas also occurred. Concurrent with these changes in the free amino acid pool of the week-old cotyledons, a highly active canavanine degrading system also appeared.
A study was initiated to determine if the altered appearance of the 9-day chromatogram reflected the development of a highly active canavanine-degrading system. An extract of the 9-day cotyledons was partially purified for its canavanine-degrading activity as described. The partially purified enzyme ( 18 -hr period, aliquots of the canavanine reaction mixture were removed, deproteinized with trichloroacetic acid, and analyzed by two-dimensional paper chromatography as described. Paper chromatograms of the canavanine reaction mixture showed a time-dependent increase in the canaline and leucine-isoleucine spots. No significant enhancement in the ninhydrin response at the homoserine spot occurred. Thus, the observed alteration of spots 11 and 13 between the chromatogram of the 1-and 9-day cotyledons was related to canavanine degradation.
Analyses of Spots 11 and 13. Identification of spot 11 as canaline was predicated upon the formation of oxime-type compounds between canaline and pyruvate or a-ketoglutarate after the method of Walker (21) . The canavanine reaction mixture was treated with a 10-fold excess of either pyruvate or a-ketoglutarate for 18 hr at 37 C and pH 8.0. The control consisted of cana. vanine reaction mixture only. Chromatographic analyses revealed the complete disappearance of spot 11 only when pyruvate or a-ketoglutarate was present in the reaction mixture. In both of these cases, new ninhydrin-positive spots appeared. The RF values of the new ninhydrin-positive spots corresponded exactly to the RF values of the canaline-pyruvate and canalineai-ketoglutarate complexes as determined by Walker (21) .
Finally, canaline was isolated from the canavanine reaction mixture as the dipicrate salt. After recrystallization from water, the crystals contained 19.4% nitrogen (theoretical: 18.9% nitrogen) and possessed a melting point of 188 to 191 C.
The lactone of homoserine was prepared by the method of Kalyankar et al. (9) and chromatographed in the solvent systems used in this study. Neither homoserine nor its lactone possessed the RF values of spot 13.
Failure to Detect Guanidine and Hydroxyguanidine. The absence of either guanidine or hydroxyguanidine as reaction products of canavanine metabolism in jack bean was indicated by negative results with various reagents sensitive to these guanidine compounds. Chromatograms containing only 10 Ag of guanidine produced an orange spot when sprayed with alkaline ferricyanidenitroprusside (20) . Guanidine (3. 41 X 104 cpm, 33 jc/lumole) was injected into the enzyme solution, and the incubation mixture (4 ml) was shaken at 37 C for 18 hr. The reaction was terminated with 0.5 ml of 3 N HCl; the liberated 14CO2 was allowed to diffuse into the center well containing 0.25 ml of hyamine for an additional 45 min. The hyamine and 0.5 ml of the deproteinized canavanine incubation mixture were transferred separately to scintillation vials containing 10 ml of Bray's medium (vessel 1). The canavanine-degrading enzyme contained sufficient urease activity to convert all of the "4C-urea to 14CO2 .
Vessel 2 contained commercially prepared arginase and urease which hydrolyzed 49.0% of the substrate. The control (vessel 3) was processed as above except for the addition of 3 N HC1 before the substrate solution. positively. In addition, hydroxyguanidine was not detected in the canavanine reaction mixture by the colorimetric procedure of Walker (22) . Quantitative Conversion of Canavanine to Canaline and Urea. The conversion of canavanine to canaline and urea was quantitated by treating the partially purified cotyledon extract with a racemic mixture of guanidino-'4C-canavanine. The resulting "4C-urea was hydrolyzed to '4C02; the "CO2 was trapped in hyamine. This study revealed that 90 to 92% of the guanidino group label of canavanine was converted to urea (Table II) .
The Occurrence of Canavanine in the Ungerminated Embryo. Johnstone (8) has stated that canavanine is absent from the ungerminated embryo, and that homoserine is the principal nonprotein amino acid of the noncotyledonous tissues. Naylor (15) 
DISCUSSION
Canavanine is the preponderant nonprotein amino acid of the jack bean seed, attaining up to 5% of the total dry weight. As the plant matures, the canavanine reserve of the cotyledons is depleted; concomitantly, the canavanine level of the noncotyledonous tissues increases. During the first 5 days, over 40% of the canavanine stored in the newly hydrated cotyledons is consumed. Nevertheless, studies of the young cotyledons failed to disclose apDreciable canavanine-degrading activity. These Plant Physiol. Vol. 46, 197G findings suggest that during the early period of growth, much of the canavanine in the cotyledons is transported to the growing regions of the plant.
One week after germination, enzymes exhibiting marked activity toward canavanine can be isolated from the cotyledons. Evidence is presented which clearly establishes the conversion of canavanine to canaline and urea as the predominant pathway of canavanine catabolism. Contrary to the findings of Johnstone (8) , no evidence for the formation of homoserine, as the principal reaction product of canavanine metabolism, was obtained. Studies of jack bean ontogeny by Sehgal and Naylor (17) revealed a peak urease activity in the cotyledons within the 1st week of growth. Jack bean urease would complete the utilization of nitrogen stored in the canavanine molecule by converting urea to CO2 and ammonia. Perhaps the pronounced urease activity of the jack bean seed is partly due to the role of thisenzyme in canavanine utilization.
The production of a ninhydrin-positive spot other than canaline in the canavanine reaction mixture (spot 13, Fig. 2) , and the incomplete conversion of guanidino-'4C-canavanine to "IC-urea indicates that a second, minor reaction is involved in canavanine catabolism. This secondary pathway does not involve the synthesis of either guanidine or hydroxyguanidine. Studies of this_ secondary pathway are presently in progress.
